Abstract. Although improvements in the chemotherapy modalities for pancreatic cancer have been realized, pancreatic cancer remains one of the most lethal malignancies. New-generation cancer immunotherapy methods, such as blocking of the PD-1/PD-L1 pathway, are consistently being investigated to improve the survival of pancreatic cancer patients. In the present study, we evaluated the influence of anticancer agents 5-fluorouracil, gemcitabine and paclitaxel on PD-L1 expression in human pancreatic cancer cell lines MIA PaCa-2 and AsPC-1 and in murine pancreatic cancer cell line Pan02. Additionally, we analyzed the molecular mechanisms that facilitated the regulation of PD-L1 expression in these cell lines. We observed that when AsPC-1, MIA PaCa-2 and Pan02 cells were stimulated by 5-fluorouracil, gemcitabine or paclitaxel, PD-L1 surface protein expression was enhanced. Similarly, the mRNA level of PD-L1 was upregulated in the AsPC-1 and Pan02 cells when stimulated by each of the three anticancer agents. The phosphorylation of STAT1 and an increase in total STAT1 were also observed in the AsPC-1 cells when stimulated by each anticancer agent. In response to JAK2 inhibitor treatment, PD-L1 upregulation induced by the anticancer agents was reduced in a dose-dependent manner. These results suggest that i) the JAK2/STAT1 pathway is involved in the anticancer agent-mediated PD-L1 transcription; and ii) the anticancer agents altered the tumor immune response which may induce tumor immune escape. These findings can have an influence on the design of treatments that combine chemotherapy and immunotherapy.
Introduction
Pancreatic cancer is the fourth leading cause of cancer-related deaths in Japan (1) and the USA (2) . This cancer is highly resistant to systemic therapies and this is partially the reason for its high mortality rate (3, 4) . Gemcitabine chemotherapy has been the standard treatment for pancreatic cancer for about a decade; however, gemcitabine plus nanoparticle albumin-bound (nab)-paclitaxel and FOLFIRINOX (5-fluorouracil, oxaliplatin, irinotecan and leucovorin) were found to result in better overall survival (OS) and is now commonly used (5, 6) . The drawback however is that these regimens are more toxic than gemcitabine monotherapy. Moreover, despite the improvements in chemotherapy, OS is still less than one year. Therefore, more effective and better-tolerated treatment options are required to improve the outcome for patients with advanced pancreatic cancer.
Exciting progress has been made in cancer immunotherapy with breakthrough immune checkpoint inhibitors and new cell therapies that enhance the effectiveness of T cells (7) . Programmed death-1 (PD-1) found on activated T cells is a member of the CD28 family, and is a key immune checkpoint molecule. When PD-1 binds to programmed death-ligand 1 (PD-L1) or PD-L2, the T cell receives an inhibitory signal and no longer mounts productive immune responses (8, 9) . Nivolumab, a fully human IgG4 PD-1 antibody, restores anticancer immune responses by abrogating PD-1 pathway-mediated T cell inhibition and has been approved for use in Japan and the USA for treating patients with unresectable melanoma (9, 10) . The clinical efficacy of nivolumab has also been reported in patients with non-small cell lung cancer (11) and renal cell carcinoma (12) . In addition to PD-1 and PD-L1, other immune checkpoint inhibitors are currently being developed for various tumors (13, 14) . Departments of 1 Gastroenterology and hepatology, and 2 Cancer ImmunoCell Regulation, PD-1 or PD-L1 antibodies have been shown to exert a substantial antitumor effect in mouse pancreatic cancer models (15, 16) . Although no studies to date have demonstrated the clinical efficacy of immune checkpoint inhibitor monotherapy for pancreatic cancer (17, 18) , ipilimumab (a checkpoint inhibitor of CTLA-4) combined with cancer vaccine has shown a survival benefit (19, 20) . Thus, immune checkpoint inhibitors combined with immune-or non-immune-based therapies are great prospective treatment strategies for pancreatic cancer.
The JAK/STAT pathway is involved in the upregulation of PD-L1 expression in pancreatic cancer cell lines
It is still unclear what impact anticancer agents have on immune checkpoint molecules when chemotherapy is combined with immunotherapy. Very few studies have addressed the PD-1/PD-L1 pathways, and there are contradictions among them (21) (22) (23) (24) . It is within this context that we investigated how anticancer agents influence PD-L1 expression in pancreatic cancer cell lines. In the present study, we demonstrated that commonly used anticancer agents for pancreatic cancer (i.e. gemcitabine, 5-fluorouracil and paclitaxel) upregulate cell surface PD-L1 expression in both human and mouse pancreatic cancer cell lines. Additionally, we provide evidence that not only the MAPK and PI3K/AKT pathway, which are known pathways, but also the JAK/STAT pathway is involved in the induction of PD-L1 expression in response to these anticancer agents.
Materials and methods
Cell lines and reagents. The human pancreatic cancer cell line MIA PaCa-2 was obtained from Riken BioResource Center (Tsukuba, Japan) and AsPC-1 cells were obtained from the American Type Culture Collection (ATCC; Rockville, MD, USA). The murine pancreatic cancer cell line Pan02, which is syngeneic to C57Bl/6 mice, was purchased from the Division of Cancer Treatment and Diagnosis, National Cancer Institute (Bethesda, MD, USA). AsPC-1 and Pan02 cells were grown in 75 cm 2 cell culture flasks and maintained in Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 10% fetal bovine serum (FBs), L-glutamine and penicillin (100 U/ml)/streptomycin (100 µg/ml) (both from Gibco Life Technologies, Carlsbad, CA, USA). MIA PaCa-2 cells were cultured in Dulbecco's modified Eagle's medium low glucose supplemented with 10% FBs, L-glutamine and penicillin (100 U/ml)/streptomycin (2.5 µg/ml). Cells were incubated at 37̊C in a humidified atmosphere containing 5% CO 2 .
In the present study, we used gemcitabine (GEM), 5-fluorouracil (5-Fu) and paclitaxel (PTX) which are agents commonly used to treat pancreatic cancer; all agents were immediately prepared before use. GEM was purchased from the Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan), 5-Fu from Kyowa hakko Kirin Co., Ltd. (Tokyo, Japan) and PTX was obtained from Nippon Kayaku Co., Ltd. (Tokyo, Japan).
Evaluation of PD-L1 expression after exposure to anticancer agents. Cells were seeded at 3.0-4.5x10 5 cells/well in 6-well plates 48 h before treatment and left to incubate at 37̊C in a humidified atmosphere containing 5% CO 2 . After 48 h, cells were exposed to various concentrations of GEM, 5-Fu and PTX for 6-72 h. For each drug, the concentration used in our experiment was based on their plasma level in clinical use. The expression level of PD-L1 was determined using flow cytometry and qRT-PCR.
Treatment with JAK/STAT and other pathway inhibitors.
AsPC-1 cells were adjusted to 4.5x10 5 cells/well into 6-well plates. After a 48-h incubation at 37̊C in a humidified atmosphere containing 5% CO 2 , the cells were treated for 1 h with various concentrations of JAK2 (AG490; Santa Cruz Biotechnology, Inc., Dallas, TX, usA), Akt (perifosine) or MEK1/2 inhibitors (U012) (both from Cell Signaling Technology, Inc., Danvers, MA, USA). Cells were stimulated with 5-Fu, PTX and GEM and then incubated in the presence or absence of AG490 for an additional 6-48 h. PD-L1 expression was analyzed using flow cytometry and qRT-PCR.
Western blotting. Cells were washed twice with phosphate-buffered saline (PBS) and lysed in ice-cold lysis buffer (CelLytic™ MT cell lysis reagent) containing 2% proteinase inhibitor (both from Sigma-Aldrich Co., St. Louis, MO, USA). Cells were retrieved with a cell scraper, stirred and incubated on ice for 15 min. Lysates were centrifuged, supernatants were collected, and protein concentration was determined using the Bio-Rad protein assay (Bio-Rad Laboratories, hercules, CA, USA). The supernatants were diluted with NuPAGE LDS sample buffer (Life Technologies, Grand Island, NY, USA) to create equal concentrations of protein. Ten micrograms of protein were separated on 4-12% NuPage Bis-Tris gels and blotted onto a nitrocellulose membrane using the iBlot Dry Blotting System (all from Life Technologies) according to the manufacturer's protocol. Blots were blocked with 10% EzBlock Chemi (ATTO Corporation, Tokyo, Japan) in TBS-T [10 mM Tris-hCl (ph 8.0), 150 mM NaCl, 0.1% Tween-20 v/v] for 1 h at room temperature and washed with TBS-T 3 times. The membranes were incubated overnight at 4̊C with anti-sTAT1, anti-phospho-sTAT1, anti-NF-κB (all from Cell Signaling Technology, Inc.), anti-Akt1/2/3, anti-phospho-Akt1/2/3, anti-p38, anti-phospho-p38 (all from Santa Cr uz Biotechnology, Inc.), anti-JNK (Cell Signaling Technology, Inc.), anti-phospho-JNK (Santa Cruz Biotechnology, Inc.), anti-Erk 1/2 (Cell Signaling Technology, Inc.), anti-phosphoErk 1/2, anti-tubulin (both from Santa Cruz Biotechnology, Inc.) and anti-β actin (Abcam, Cambridge, MA, USA) antibodies in TBS-T (diluted 1:1,000). After washing in TBS-T, the membranes were incubated with the secondary anti-rabbit and mouse IgG antibodies (Life Technologies) in TBS-T (diluted 1:10,000) for 1 h at room temperature. Immunocomplexes were detected using western blotting (ECL Prime; GE healthcare UK Ltd., Buckinghamshire, UK).
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR).
The expression level of PD-L1 was determined using real-time PCR as previously described (25) . The samples used for mRNA isolation were removed from the pancreatic cancer cells (AsPC-1, MIA PaCa-2 and Pan02). Total mRNA was extracted using the acid guanidinium phenol chloroform method with Isogen (Nippon Gen Co. Ltd., Tokyo, Japan). The isolated RNA was stored at -80˚C until use for real-time PCR. In the latter, 1 µg of extracted RNA was reverse-transcribed. The resulting cDNA was subjected to qRT-PCR using the following primers for human PD-L1: (forward primer, 5'-GTACCGCTGCATGATCAGCTAT-3' and reverse primer, 5'-GGCATTGACTTTCACAGTAATTCG-3'); murine PD-L1 (forward primer, 5'-CAGGCCGAGGGTTATCCA-3' and reverse primer, 5'-CGGGTTGGTGGTCACTGTTT-3'); human GAPDh (forward primer, 5'-ACCACAGTCCATGCC ATCACT-3' and reverse primer, CCATCACGCCACAGTTT CC); and murine β-actin (forward primer, 5'-TATCCACCTTC CAGCAGATGT-3' and reverse primer, 5'-AGCTCAGTAAC AGTCCGCCTA-3'). PCR was performed using a Power sYBR-Green PCR Master Mix and a real-time PCR system (7300; Applied Biosystems, Foster City, CA, usA). Relative quantifications of gene expression with qRT-PCR data were calculated relative to human GAPDh or murine β-actin. 
Statistical analysis.
Results are expressed as means ± standard error of the mean (SEM). Comparisons among groups or against one control group were evaluated by one-way ANOVA test followed by the Tukey-Kramer's or Dunnett's post hoc multiple comparisons test, respectively. statistical significance was taken as P<0.05. Statistical analyses were performed with EzR (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a graphical user interface for R (The R Foundation for statistical Computing, Vienna, Austria). More precisely, it is a modified version of R commander designed to add statistical functions frequently used in biostatistics (26) .
Results
Anticancer agents upregulate PD-L1 surface expression in pancreatic cancer cell lines. MIA PaCa-2, AsPC-1 and Pan02 cells were treated with GEM, 5-Fu and PTX for 24-72 h to determine whether they can induce PD-L1 protein expression. Expression was determined using flow cytometry and is expressed as the Δ mean fluorescence intensity (ΔMFI; MFI using anti-PD-L1 subtracted from the isotype control). As Anticancer agents induce PD-L1 mRNA expression in pancreatic cancer cell lines. To investigate how the anticancer agents induce PD-L1 protein expression in tumor cells, the mRNA level of PD-L1 was determined by qRT-PCR. MIA PaCa-2, AsPC-1 and Pan02 cells were treated with 5-Fu, GEM and PTX for 24 h in a manner similar as that carried out for the protein assessment as described above. In AsPC-1 cells, 5-Fu significantly increased the PD-L1 mRNA level at 100 µM, as observed in the surface protein expression. Treatment with GEM at 5 and 10 µM significantly upregulated mRNA expression while each dose of PTX upregulated mRNA expression although not to statistically significant levels (Fig. 3A) . In the MIA PaCa-2 cells, neither 5-Fu nor GEM affected PD-L1 mRNA expression, whereas PTX at 10 µM significantly increased the mRNA level (Fig. 3B) . The PD-L1 mRNA expression pattern in the Pan02 cells was similar to that of the surface protein, that is, the mRNA level increased when 5-Fu exceeded 1 µM, while GEM and PTX upregulated the mRNA level at each concentration (Fig. 3C) .
Anticancer agents activate the JAK/STAT pathway. The protein and mRNA expression analyses suggest that surface PD-L1 protein expression in the AsPC-1 and Pan02 cells was regulated mainly at the mRNA level. As such, we used the human AsPC-1 cell line to ascertain the molecular mechanisms by which the anticancer agents induced PD-L1 mRNA expression. It has been reported that the JAK/sTAT pathway is deeply involved in IFN-γ-mediated PD-L1 upregulation in solid tumors such as lung cancer and hepatocellular carcinoma (27, 28) . In contrast, this pathway has not been implicated in anticancer agent-mediated PD-L1 expression. As such, we aimed to ascertain whether our three anticancer agents activate the JAK/STAT signaling pathway in AsPC-1 cells. AsPC-1 cells were exposed to 5-Fu (100 µM) or GEM (10 µM) for 48 h, and PTX (10 µM) for 24 h following which the expression level and phosphorylation of sTAT1 were determined using western blotting. The phosphorylation of STAT1 was greatly induced by each of the three anticancer agents (Fig. 4) . The protein level of sTAT1 was increased after 5-Fu and GEM treatment, whereas it remained unchanged after PTX treatment.
Anticancer agent-induced PD-L1 expression is attenuated by
blocking the JAK/STAT pathway. Next, we examined the effect of a JAK2 inhibitor on the upregulation of PD-L1 expression induced by the anticancer agents in AsPC-1 cells. Cells were treated with the JAK2 inhibitor AG490 or left untreated prior to 5-Fu, PTX or GEM stimulation. Both PD-L1 mRNA expression (Fig. 5A ) and cell surface protein (Fig. 5B) induced by the anticancer agents were attenuated by AG490 in a dosedependent manner. AG490 at 100 µM almost completely attenuated the PD-L1 expression induced by the anticancer agents.
Involvement of other pathways. Additionally, we also investigated whether the PI3K/AKT (29), NF-κB (24,30) and MAPK (23,31) pathways respond to anticancer agents, since they were previously implicated in anticancer agent-induced PD-L1 expression. The phosphorylation of Akt was induced by only GEM stimulation, although its protein level was enhanced by 5-Fu and GEM (Fig. 6) . The protein level of Erk was enhanced by each of the three anticancer agents. The intracellular protein level of NF-κB and the phosphorylation and protein levels of p38 were not affected by the drugs (Fig. 6) . Considering the results of the western blot 
Discussion
The success of immune checkpoint inhibitors and new generations of adoptive cell transfer therapy, such as chimeric antigen receptor (CAR) T cell therapy, have highlighted the potential of immunotherapy as a treatment option for various tumors (7, 32) . Moreover, extensive effort is being directed toward effectively combining immune-and non-immunebased therapies. For example, combining immune therapy and anticancer agents is being explored, albeit the impact of anticancer agents on the expression of immune checkpoint molecules is not yet fully understood. In the present study, we present two major findings. Firstly, PD-L1 surface expression in pancreatic cancer cell lines was upregulated by 5-fluorouracil, paclitaxel and gemcitabine. secondly, the JAK/sTAT pathway as well as other known pathways (i.e. MAPK and PI3K pathway) were involved in this PD-L1 upregulation. To the best of our knowledge, this is the first study to address the effect of anticancer agents on PD-L1 expression in pancreatic cancer cells and the involvement of the JAK/STAT pathway in the anticancer agent-mediated PD-L1 expression.
The effect of chemotherapy agents on PD-L1 expression has been discussed in four studies that we are aware of. however, there is a lack of consensus and the topic remains controversial (21) (22) (23) (24) . Among them, three studies demonstrated that the anticancer agents upregulated surface PD-L1 expression, while the fourth reported the downregulation of surface PD-L1. In their study, zhang et al observed that paclitaxel, etoposide and 5-fluorouracil induced PD-L1 surface expression in human breast cancer cell lines (21), however they did not study the molecular mechanisms that led to the increase in PD-L1 expression. Gong et al reported that paclitaxel induced PD-L1 surface protein and mRNA expression in both human colorectal (SW480) and human hepatocellular carcinoma (hepG2) cell lines (23) . They demonstrated that paclitaxel treatment induced Erk 1/2 phosphorylation in both cell lines and the increase in PD-L1 expression caused by paclitaxel was partially blocked by an MEK inhibitor. Peng reported that PD-L1 expression in ovarian cancer cell lines was augmented via NF-κB signaling by paclitaxel, gemcitabine or carboplatin treatment (24) . In contrast, Ghebeh et al reported that doxorubicin downregulated the surface expression of PD-L1 in breast cancer cells and upregulated nuclear expression of PD-L1 by means of the PI3K/AKT pathway (22) . One possible explanation for the difference among these four studies, as well as our own, may be attributed to differences in the cell lines and anticancer agents used in each study. In the present study, we used 5-fluorouracil, gemcitabine and paclitaxel since they are commonly used alone or combined with other agents when treating pancreatic cancer. The concentration of each anticancer agent in our experiments was based on the plasma level of each drug when clinically used (33, 34) or the concentration that was used in previous in vitro experiments (21, 35, 36) . Consequently, the maximum concentration of 5-fluorouracil in our experiment was 10-fold higher than that used for gemcitabine and paclitaxel. This difference in drug concentration among the anticancer agents may have influenced the degree of PD-L1 induction by the agents.
In the present study, PD-L1 surface protein expression was enhanced in all pancreatic cancer cell lines. The absolute value of PD-L1 expression determined by flow cytometry or qRT-PCR varied with each experiment; this could partly result from PD-L1 expression being affected by cell conditions. PD-L1 expression was consistently upregulated when stimulated by the anticancer agents; the pattern of this relative change was identical in each experiment. We observed that PD-L1 at the mRNA level was upregulated as well as surface protein expression when AsPC-1 or Pan02 cells were stimulated by each anticancer agent. Meanwhile, the mRNA level of PD-L1 in the MIA PaCa-2 cells did not increase when cells were treated with 5-fluorouracil, gemcitabine or lower concentrations of paclitaxel. It was reported that doxorubicin alters PD-L1 surface expression by a post-transcriptional regulation mechanism that involves the translocation of the protein from the membrane to the nucleus (22) . Since anticancer agents induced PD-L1 surface protein expression without upregulating mRNA in the MIA PaCa-2 cells, it is possible that the expression was mainly regulated at a posttranscriptional level in this cell line.
In regards to the mechanism of PD-L1 regulation, Pardoll reported that innate and adaptive immune resistance are the two general mechanisms by which tumor cells regulate PD-L1 (37) . In innate immune resistance, PD-L1 expression is driven by constitutive oncogenic signaling pathways such as the PI3K/AKT pathway (38) and STAT3 (39) . In contrast, in adoptive immune resistance, several signaling pathways such as JAK/STAT (27, 28) , PI3K (29) , MAPK (29) and NF-κB (29, 30) appear to be involved in PD-L1 expression induced by IFN-γ. Only the PI3K/AKT (22) , MAPK (23) and NF-κB (24) pathways have been previously reported to be involved in the upregulation of PD-L1 induced by anticancer agents, but involvement of the JAK/STAT pathway has not yet been reported. To obtain a better understanding of the mechanisms involved in PD-L1 upregulation, we sought to determine whether the JAK/STAT pathway regulates PD-L1 transcription. We found that each of the three anticancer agents induced the phosphorylation of STAT1 in the AsPC-1 cells, and JAK2 inhibitor AG490 reversed the upregulation of PD-L1 induced by the anticancer agents at both the mRNA and protein levels. These findings indicate that the JAK/sTAT pathway regulates the expression of PD-L1. Other previously reported signaling pathways (i.e. MAPK and PI3K pathways) are also implicated in the present study. The relative importance of these pathways is unknown at the present, but we believe that these pathways are intricately involved in the anticancer agent-mediated PD-L1 expression by signaling crosstalk.
The discoveries made in the present study are a critical step towards further uncovering the mechanism of PD-L1 expression in pancreatic cell lines albeit with a few limitations. In the present study, we examined the signaling pathways in AsPC-1 cells only, therefore it is unclear whether these results apply to other cell lines. Pancreatic cancer cell lines including AsPC-1 and MIA PaCa-2 have different genetic alterations such as the KRAS (v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog), TP53 (encoding the p53 protein) and SMAD4 (SMAD family member 4, also known as DPC4; deleted in pancreatic carcinoma locus 4) gene mutations, which affect growth characteristics, tumorigenicity and chemosensitivity (40) . AsPC-1 is considered more resistant to gemcitabine than MIA PaCa-2 (40,41). Gemcitabine resistance has been liked to signaling pathways associated with PD-L1 expression such as JAK/sTAT, MAPK, PI3K-AKT and NF-κB (42) (43) (44) (45) . These genetic alterations and the difference in the cell signaling response to anticancer agents can also alter the PD-L1 expression induced by the anticancer agents. Future research using additional cell lines is needed to clarify the relationship between these genotypic differences among cell lines and their effect on the PD-L1 expression induced by anticancer agents.
In conclusion, our results indicate that 5-fluorouracil, gemcitabine and paclitaxel enhance PD-L1 expression in pancreatic cancer cell lines via several pathways including the JAK/STAT pathway. Pancreatic cancer is still intractable due to its resistance to conventional treatments including anticancer agents. Our results imply that anticancer agents not only cause cytotoxicity, but also alter the tumor immune response which may induce tumor immune escape. Cancer immunotherapy including blockade of PD-1/PD-L1 is expected to become the new standard therapy for many cancers and combination strategy in immunotherapy is currently being developed. We believe that the data provided in the present study, may aid in the design of more effective treatments that combine chemotherapy and immunotherapy.
